Among the most difficult bacterial infections encountered in treating patients are wound infections, which may occur in burn victims (10) , patients with traumatic wounds (33) , people with diabetes (27) , and patients with surgical wounds (29, 31) . Two of the more common causative agents of wound infections are Staphylococcus aureus and Pseudomonas aeruginosa (10, 27, 29, 31, 33) . Such infections often lead to fatality; the mortality rate among patients infected with P. aeruginosa ranges from 26% to 55% (9, 49) , while mortality from S. aureus infection ranges from 19% to 38% (28, 46, 50) . As opportunistic pathogens, S. aureus and P. aeruginosa cause few infections in healthy individuals but readily cause infection once host defenses are compromised, such as with the removal of skin from burns (10) . S. aureus infection originates from the normal flora of either the patient or health care workers (48) , while P. aeruginosa is acquired from the environment surrounding the patient (41) . Once established on the skin, S. aureus and P. aeruginosa are then able to colonize the wound. Infection results if the organisms proliferate in the wound environment.
Both P. aeruginosa and S. aureus often exist within burn wounds as biofilms (43, 47) . A biofilm is presently defined as a sessile microbial community characterized by cells that are irreversibly attached either to a substratum or to each other (16) . Biofilms, which can attain over 100 m in thickness, are made up of multiple layers of bacteria in an exopolysaccharide matrix (12, 16, 42) . Sauer et al. showed that P. aeruginosa biofilms form in distinct developmental stages: reversible attachment, irreversible attachment, two stages of maturation, and a dispersion phase (42) . Clinically, biofilms present serious medical management problems through their association with different chronic infections (37) . During vascular catheter-related infections and sepsis, biofilms serve as a reservoir of bacteria from which planktonic cells detach and spread throughout the tissue and/or enter the circulatory system, resulting in bacteremia or septicemia (15) . Factors specific to the bacterium may influence the formation of bacterial biofilms at different infection sites or surfaces. For example, during the initial attachment stage the flagellum, lipopolysaccharide, and possibly outer membrane proteins play a major role in bringing P. aeruginosa into proximity with the surface as well as mediating the interaction with the substratum (12) . Using the murine model of thermal injury, we recently showed that P. aeruginosa forms a biofilm within the thermally injured tissues (43) . Clinically, the surgeons debride the infected or dead tissues; however, a few microorganisms may remain on the tissue surface and reinitiate biofilm formation.
Antibiotics, silver, or chitosan, attached to or embedded in gauze, have been shown to be efficacious in preventing wound infection (21, 24, 26, 36) . However, the resistance of P. aeruginosa and S. aureus to available antibiotics severely limits the choices for antibiotic treatment (13, 40) . Additionally, silver compounds, such as silver nitrate and silver sulfadiazine, leaching from dressings are toxic to human fibroblasts even at low concentrations (20, 25) . Thus, effective alternative antimicrobial agents that contact the thermally injured/infected tissues and prevent the development of bacterial biofilms are required. Previous studies have shown that selenium (Se) can be covalently bound to a solid matrix and retain its ability to catalyze the formation of superoxide radicals (O 2 ·Ϫ ) (30). These superoxide radicals inhibit bacterial attachment to the solid surface (30) . In this study, we examined the ability of a newly synthesized organoselenium-methacrylate polymer (Se-MAP) to block biofilm formation by both S. aureus and P. aeruginosa. These bacteria were chosen since they cause a major share of wound infections and because drug-resistant forms of these bacteria have become a serious problem in the treatment and management of these wound infections (6, 13, 17, 18, 38) . Results of the study show that 0.2% (wt/wt) Se in Se-MAP covalently attached to cellulose discs inhibited P. aeruginosa and S. aureus biofilm formation. This could lead to the development of a selenium-based antimicrobial coating for cotton materials that will prevent the bacterial attachment and colonization that can ultimately lead to bacterial biofilm formation during chronic infections.
MATERIALS AND METHODS
Bacterial strains, media, and reagents. The S. aureus subsp. aureus strain ATCC 29213 was obtained from Remel (Lenexa, KS). The prototrophic P. aeruginosa strain PAO1, originally isolated from an infected wound (22) , was obtained from S. E. H. West (University of Wisconsin, Madison). P. aeruginosa PA4468⌬sodM and its parent strain, MPAO1, were obtained from The University of Washington Transposon Mutant Collection (Department of Genome Sciences, Seattle, WA).
Coating cellulose discs with polymerized Se-MAP. The Se-MAP monomer was purchased from Eburon Organics International (catalog no. 700.010; Lubbock, TX). Se-MAP (22% [wt/wt] selenium) stock solution was dissolved and diluted in 99.99% acetoacetoxyethyl methacrylate (AAEMA) to yield different concentrations of selenium (wt/wt): 0.01%, 0.025%, 0.05%, 0.10%, and 0.20%. Blank 6-mm cellulose discs (BD Diagnostic Systems, Sparks, MD) were washed once with and soaked in sterile distilled water overnight. The washed cellulose discs were then dried and coated with AAEMA or Se-MAP, as shown in Fig. 1 . Briefly, 15 l of AAEMA or various concentrations of Se-MAP in AAEMA were added onto each disc. Three l of 3% H 2 O 2 (15 l/cm 2 ) was added to each disc to initiate free radical polymerization. This has little or no effect on the cellulose material. As a result of the in situ polymerization, the polymer is held in place by a combination of van der Waals forces and physical interlinking with the cellulose material. The discs were then transferred to a 66°C curing oven. After curing, the discs were washed twice (30 min each) in sterile phosphate-buffered saline (PBS, pH 7.4) at 37°C. The discs were then dried, sterilized with 70% ethanol, dried again, and stored at room temperature until used in the assays. Immediately prior to use in every assay, 15 l of 300 M glutathione (GSH) was added to each disc.
CL assay. In the presence of GSH and oxygen, Se-MAP is reduced to yield R-Se Ϫ anions and superoxide radicals (7) . A lucigenin-enhanced chemiluminescence (CL) assay was utilized to detect the presence of superoxide radicals in solution (32) . Untreated, AAEMA-coated, or Se-MAP-coated discs were added to 500-l aliquots of CL assay cocktail (0.05 M sodium phosphate buffer [pH 7.4] with 1 g/ml lucigenin and 1 g/ml GSH). The generation of CL was recorded over a 5-min period in a luminometer (Turner Biosystems, Sunnyvale, CA).
Colony biofilm assay. The abilities of P. aeruginosa and S. aureus to form biofilms on cellulose discs were quantified as follows. P. aeruginosa and S. aureus culture were grown overnight in LB broth at 37°C with shaking. Overnight cultures were washed once with PBS (pH 7.4). Aliquots of fresh LB broth were inoculated with the washed cultures to an optical density at 600 nm (OD 600 ) of 0.02 and then regrown at 37°C with shaking for 4 h to an OD 600 0.8 to 0.9. The regrown cultures were washed once with PBS and serially diluted in 10-fold steps to obtain a 1 ϫ 10 Ϫ5 dilution. Five-microliter aliquots from the 10 Ϫ5 dilution were added to uncoated cellulose discs, AAEMA-coated discs, and discs coated with Se-MAP at various concentrations of selenium as described above. The inoculated cellulose discs were placed on LB agar plates, and the plates were inverted and incubated at 37°C for 24 h.
Following incubation, each cellulose disc was gently washed twice with sterile PBS to remove any planktonic bacteria. Excess PBS was drained from the disc by touching to sterile filter paper and the discs were transferred to sterile 1.5-ml microtubes containing 1 ml of PBS for enumeration of bacteria within biofilms formed on the discs. To separate the adherent cells from the biofilm matrix and cellulose support, the microtubes were vortexed for 1 min at 2,500 rpm, allowed to rest, and vortexed again for a total of three vortexing steps. Disaggregated bacterial CFU per disc were then enumerated by 10-fold serial dilution in PBS and plating onto LB plates. To confirm complete recovery of the biofilm-associated bacteria from each disc, the discs were placed into new tubes containing PBS and the vortexing process was repeated (three steps). No CFU were recovered from plating of the PBS (data not shown), indicating the efficacy of our recovery protocol. Experiments were conducted in triplicate by inoculating three separate discs per treatment with the inoculum prepared from each culture.
SEM. P. aeruginosa and S. aureus biofilms were established on cellulose discs as described above. The cellulose discs were prepared for scanning electron microscopy (SEM) by standard techniques (1, 4) . After 24 h of incubation, each cellulose disc and any adherent bacteria were fixed with 2% (wt/vol) glutaraldehyde in filter-sterilized 0.05 M PBS (pH 7.4) at room temperature for 16 h and then rinsed three times for 15 min each in 0.05 M PBS. The fixed cellulose discs were then dehydrated in successive ethanol-water mixtures with increasing ethanol concentrations (20%, 40%, 60%, 80%, and 95% [vol/vol]) for 15 min each and then twice in absolute ethanol for 15 min. The ethanol-dehydrated samples were then placed in an absolute ethanol bath, which was placed in an EMS 850 critical point drier (Electron Microscopy Sciences, Hatfield, PA). The ethanol was replaced by successive additions of liquid carbon dioxide. Once the liquid CO 2 had replaced the ethanol, the chamber was heated under pressure to reach the critical evaporation point of carbon dioxide. The chamber was then slowly vented of gaseous CO 2 and the dry samples removed. The dried samples were affixed to aluminum mounts with double-sided carbon adhesive tape and sputtercoated with platinum and palladium to a thickness of 18 nm. Observations were FIG. 1. Schematic diagram for coating cellulose discs with AAEMA or Se-MAP. Se-MAP (22% [wt/wt] Se) was diluted in AAEMA to the desired concentrations and applied to 6-mm cellulose discs. Polymerization was initiated with 3% H 2 O 2 . Discs, including untreated discs, were cured at 66°C until dry and then washed twice with PBS (pH 7.4). Discs were dried at 37°C and sterilized in 70% ethanol. Discs were dried again at 37°C and stored at room temperature until used in the assays. Immediately prior to use in every assay, 300 M GSH was added to each disc. performed at 6 to 7 kV with a scanning electron microscope (Hitachi S-570; Japan). Five fields of view at magnifications from ϫ1,500 were taken at randomly chosen areas from the optic surface of each sample. Each experiment was conducted in triplicate. A biofilm-positive field was defined as being occupied by biofilm over at least half of the visible area. If no biofilm or only scant numbers of cells were seen, examination was then carried out at ϫ5,000. Assessing the stability of Se-MAP coating on cellulose discs. The stability of selenium on the Se-MAP-coated cellulose discs was tested in the following manner. Discs were coated with Se-MAP as described, except that instead of drying after washing twice in PBS (pH 7.4), the discs were placed in glass tubes containing 10 ml of PBS. After incubation at room temperature for 1 week, the discs were then dried, sterilized with 70% ethanol, and dried again. GSH (300 M) was added to each disc and then the discs were used in the colony biofilm assay.
RESULTS AND DISCUSSION
Selenium in Se-MAP bound to cellulose discs produces superoxide radicals. To confirm both the presence and function of selenium on the Se-MAP-coated cellulose discs, the generation of the superoxide radical (O 2 ⅐ Ϫ ) by selenium was measured using a lucigenin-enhanced CL assay (32) . Diselenides, such as diselenocystines, are reduced by thiols, forming the selenide anion, RSe Ϫ (7). Thiols are compounds that contain a functional group composed of a sulfur atom and a hydrogen atom (-SH), also known as a sulfhydryl group. The catalytic selenide anion, RSe Ϫ , reacts with oxygen to form O 2 ⅐ Ϫ and a putative thiyl radical, R-Se ⅐ , which reacts with two moles of thiol (supplied in the assay as GSH) to regenerate the original selenide anion as shown in the equations below (7, 44):
The greater the selenide anion redox or catalytic activity, the greater the amount of O 2 ⅐ Ϫ produced in the radical-generating system with a subsequently greater CL activity (32) . An increase in CL confirmed the presence of functional selenium on the treated cellulose discs (Fig. 2) . Furthermore, the increase correlated with the increase of Se-MAP concentration on the cellulose discs (Fig. 2) .
Selenium in Se-MAP bound to cellulose discs inhibits biofilm formation by P. aeruginosa and S. aureus. For controls, we examined the ability of P. aeruginosa and S. aureus to form biofilms on uncoated cellulose discs and discs coated with AAEMA alone in the colony biofilm assay. Biofilm formation was measured by determining the CFU adhering to the cellulose discs 24 h after inoculation. For P. aeruginosa, 7 ϫ 10 8 and 1 ϫ 10 9 CFU were recovered from untreated cellulose discs and AAEMA-coated discs, respectively (Fig. 3A) , while approximately 7 ϫ 10 8 were recovered from the control discs for S. aureus (Fig. 3B) .
We then tested the efficacy of different concentrations of selenium bound to cellulose discs as Se-MAP in inhibiting P. aeruginosa and S. aureus biofilms. Cellulose discs coated with 0.2%, 0.1%, 0.05%, and 0.025% Se (as Se-MAP in AAEMA) FIG . 2. Selenium in Se-MAP on cellulose discs generates superoxide in a lucigenin-enhanced CL assay. Untreated, AAEMA-coated, or Se-MAP-coated (with various concentrations of selenium) cellulose discs were placed in a CL assay cocktail containing 1 g/ml GSH and 1 g/ml lucigenin in 0.05 M sodium phosphate buffer (pH 7.4), and CL was measured for 5 min. The final concentration of selenium present on the Se-MAP-coated discs is indicated on the graph. Values represent the means of triplicate experiments Ϯ standard errors.
FIG. 3. Selenium in
Se-MAP inhibits P. aeruginosa and S. aureus biofilm formation. Untreated, AAEMA-coated, or Se-MAP-coated cellulose discs were prepared as described for Fig. 1 and inoculated with P. aeruginosa (A) or S. aureus (B). Biofilms were allowed to form for 24 h. The discs were gently washed twice in PBS to remove planktonic bacteria. Adherent bacteria (biofilm) were removed from the discs by vortexing in PBS, and CFU were determined by plating 10-fold serial dilutions on LB agar. The final concentrations of selenium present on the Se-MAP-coated discs are indicated on the graphs. Values represent the means of triplicate experiments Ϯ standard errors. A one-way analysis of variance with Dunnett's multiple comparisons post test using the AAEMA-coated discs as the control was done to determine statistical significance. * , P Ͻ 0.05; ** , P Ͻ 0.01. were inoculated with P. aeruginosa as described in Materials and Methods. At 0.2% Se, total inhibition of biofilm formation was achieved (no CFU recovered), while 0.1% Se significantly (P Ͻ 0.001) reduced the CFU of P. aeruginosa recovered from the cellulose discs (Fig. 3A) . At 0.05% and 0.025% Se, there were no significant differences observed in the CFU of P. aeruginosa recovered from control discs or Se-MAP-treated discs (Fig. 3A) . Inhibition of S. aureus was examined in the same way, except the lowest concentration tested was 0.01% Se. At a Se concentration of 0.1%, total inhibition of biofilm formation was observed, while at 0.05% Se, the number of CFU was significantly reduced (P Ͻ 0.05) (Fig. 3B) . However, at 0.01% Se no significant difference was observed (Fig. 3B) .
The results indicate that relatively low concentrations of Se, 0.2% and 0.1%, are efficient in inhibiting biofilm formation by both P. aeruginosa and S. aureus.
To confirm the results of the previous experiments, P. aeruginosa and S. aureus biofilm formation on uncoated, AAEMAcoated, and Se-MAP-coated cellulose discs was analyzed by SEM. P. aeruginosa and S. aureus were inoculated onto the discs in the same manner as for the colony biofilm assay. On untreated discs and discs coated with AAEMA only, P. aeruginosa formed typical biofilms characterized by the presence of microcolonies (Fig. 4A and B) . Similar results were obtained with selenium concentrations of 0.01% (data not shown), while almost no bacteria were seen on the cellulose discs coated with 0.2% selenium (Fig. 4C) . S. aureus formed evenly distributed sheets of bacteria on untreated discs and AAEMA-coated discs ( Fig. 4D and E) . These sheets of bacteria were also present at 0.01% selenium (data not shown), but bacteria were only rarely seen when the discs were coated with 0.2% selenium (Fig. 4F) .
The reduction in biofilm formation seen with both microorganisms is probably due to oxidative stress from the production of O 2 ⅐ Ϫ , which may damage the bacterial cell walls as well as the DNA (5, 11, 23, 35, 45) . Selenium acts as a catalytic generator of O 2 ⅐ Ϫ from the oxidation of thiols (7, 44) , and thiolcontaining compounds such as GSH, homocysteine, and CysGly are present in human plasma (2) . Therefore, we used GSH throughout our experiments to mimic the host environment. To determine if reduced thiols present in bacteria (8) could activate Se-MAP, we compared the inhibition of P. aeruginosa biofilm development in the presence and absence of GSH. At 0.1% Se, the level of inhibition was approximately 3.5 logs greater with GSH than without (1.3 ϫ 10 5 versus 4.5 ϫ 10 8 , respectively); however, at 0.2% Se the levels of inhibition were the same regardless of the presence of GSH (data not shown). Thus, at concentrations of 0.1% and lower, Se requires GSH supplementation to inhibit P. aeruginosa biofilm development efficiently. FIG. 4 . SEM analysis of P. aeruginosa (A to C) and S. aureus (D to F) biofilm formation on untreated, AAEMA-coated, or Se-MAP-coated (0.2% selenium) cellulose discs. Biofilms were allowed to form as described for Fig. 3 . After 24 h of incubation at 37°C, the discs were fixed, dried, affixed to aluminum mounts, and sputter coated with platinum and palladium. Observations were performed at 6 to 7 kV with a scanning electron microscope. Five fields of view were examined from randomly chosen areas from the optical surface of each sample at magnification of ϫ1,500 for untreated and AAEMA-coated discs and at ϫ5,000 for the 0.2% selenium Se-MAP-coated discs. Each experiment was conducted in triplicate. (3) suggested that, under aerobic conditions, resistance to selenium toxicity is due mainly to the function of superoxide dismutase. In comparison with their parent strain, E. coli mutants defective in the superoxide dismutase genes sodA and sodB were severely impaired in their tolerance to selenium (3). P. aeruginosa contains two superoxide dismutase genes, sodM (sodA) and sodB, that are highly homologous to the E. coli sodA and sodB (19) . The genes were isolated through the complementation analysis of an E. coli sodAB mutant (19) . To determine if selenium affects the development of a PAO1 biofilm through superoxide dismutase, we utilized the P. aeruginosa strain PA4468⌬sodM, which carries defective sodM. Since the development of P. aeruginosa biofilm was completely inhibited by 0.2% selenium but partially inhibited by 0.05 and 0.1% selenium (Fig. 3A) , we compared the effect of 0.05, 0.1, and 0.2% selenium on the development of biofilms by PA4468⌬sodM and its parent strain, MPAO1. On untreated as well as AAEMA-treated discs (controls), PA4468⌬sodM formed biofilm less efficiently than MPAO1, due to the differences in the growth rate between the two strains (Fig. 5) . As previously demonstrated for the E. coli sodAB mutants (3), planktonic cells of PA4468⌬sodM grew more slowly than those of MPAO1 (data not shown). However, 0.05% selenium inhibited biofilm formation by PA4468⌬sodM more efficiently than MPAO1 biofilm (Fig. 5 ). More importantly, while 0.1% selenium partially interfered with the development of biofilm by MPAO1 (reducing the CFU/disc from 1.9 ϫ 10 7 to 9.2 ϫ 10 3 ), it almost prevented the development of PA4468⌬sodM biofilm (reducing the CFU/disc from 7.1 ϫ 10 4 to 0.6 ϫ 10 Ϫ1 ) (Fig. 5) . These results suggest that aerobically, selenium produces much of its inhibitory effect on P. aeruginosa biofilm formation through superoxide dismutase.
Se-MAP remains bound to cellulose discs in aqueous solution. To determine whether Se-MAP bound to cellulose discs remains stable when in prolonged contact with aqueous environments, Se-MAP-coated discs were soaked in 10 ml of PBS (pH 7.4) at room temperature for 7 days. The discs were dried and their effectiveness in inhibiting biofilm formation by P. aeruginosa and S. aureus was determined as described above. As shown in Fig. 6 , cellulose discs coated with Se-MAP retained their biofilm-inhibitory activity against P. aeruginosa and S. aureus. Total inhibition of biofilm formation was seen at 0.2% Se-MAP for both P. aeruginosa and S. aureus, whereas partial inhibition was seen at 0.1% Se-MAP for both microorganisms. The overall effect of incubation in PBS for 1 week on the antibiofilm activity of the discs was minimal. This indicates that use of Se-MAP-coated cellulose gauze would be suitable for long-term dressing of wounds.
The paradox of selenium (Se) is that it is both essential and toxic. According to the World Health Organization, the recommended daily dietary selenium intake is 40 g Se/day (34) . While high blood levels of selenium (greater than 1,000 g/ liter) can result in selenosis (14) , selenium is not toxic at high levels of dietary intake (3,200 g/day) (39). To check for the possibility that selenium leaching from the Se-MAP-treated cellulose discs could have reached a toxic level, the effect of the PBS solution in which the discs were soaked was examined by FIG. 5 . Comparison of the effectiveness of cellulose discs coated with Se-MAP in inhibiting the development of biofilms formed by the P. aeruginosa strain MPAO1 and its sodM mutant, PA4468⌬sodM. Biofilm development and analysis were conducted as described for Fig.  3 . Values represent the means of triplicate experiments Ϯ standard errors.
FIG. 6. Se-MAP coating on cellulose discs remains stable for 1 week in aqueous solution. Cellulose discs were prepared and coated with AAEMA or Se-MAP in AAEMA (Fig. 1) and soaked for 1 week as described in Materials and Methods. The discs were then dried and tested for the ability to inhibit biofilm formation by P. aeruginosa (A) and S. aureus (B) as described for Fig. 3 . The final concentrations of selenium present on the Se-MAP-coated discs are indicated on the graphs. Values represent the means of triplicate experiments Ϯ standard errors. A one-way analysis of variance with Dunnett's multiple comparisons post test using the AAEMA-coated discs as the control was done to determine statistical significance. ** , P Ͻ 0.01. Conclusions. This study revealed several important points regarding the clinical application of this organoselenium methacrylate polymer on cellulose as a potential wound dressing: (i) a low-percentage (0.2%) selenium coating was effective in preventing P. aeruginosa or S. aureus from establishing biofilms on cellulose; (ii) the amount of selenium leaching out of the cellulose over the course of 1 week was not cytotoxic against mammalian cells; and (iii) the selenium coating is stable, since incubation in PBS for a week showed little change in the selenium content or the antibacterial activity. Thus, the application of Se-MAP-coated gauze to the debrided tissues of burn wounds may prevent the development of biofilms and facilitate wound healing. Additionally, Se-MAP has the potential to inhibit bacterial biofilm formation, not only on wound dressings but also on tampons, catheters, and other surfaces where bacterial biofilms are a medical problem.
